Today's research demands fast identification of potential diagnostic and therapeutic targets. We describe a novel phage display strategy to identify disease-related proteins that are specifically expressed in a certain (diseased) tissue or cells. Phages displaying antibody fragments are selected on complex protein mixtures in a twostep manner combining subtractive selection in solution with further enrichment of specific phages on two-dimensional Western blots. Targets recognized by the resulting recombinant antibodies are immunoaffinity-purified and identified by mass spectrometry. We used antibody fragment libraries from autoimmune patients to discover apoptosis-specific and disease-related targets. One of the three identified targets is the U1-70K protein, a marker for systemic lupus erythematosus overlap disease. Interestingly the epitope on U1-70K recognized by the selected recombinant antibody was shown to be apoptosis-dependent, and such epitopes are believed to be involved in breaking tolerance to self-antigens. The other two proteins were identified as polypyrimidine tract-binding protein-associated splicing factor (PSF)/nuclear RNA-and DNA-binding protein of 54 kDa (p54 nrb ) and heterogeneous ribonucleoprotein C. Molecular & Cellular Proteomics 5:245-255, 2006.
In the postgenomic era where the human genome is completely sequenced and available in databases, it became clear that having the complete genome sequence is not enough to reveal biological function. For example, mRNA levels do not necessarily correlate with the expression levels of the corresponding proteins, and the relative levels of protein variants resulting from either alternative splicing or posttranslational modifications cannot be predicted from the gene sequence. "Proteomics" defines a broad area of interest and is aimed at protein identification; studying protein function, posttranslational modifications, and protein-protein interactions; and finding molecular drug targets (1) . Such molecular drug targets can be proteins that are specifically present in a diseased tissue or cell. One approach to discover "proteome-specific" proteins is to compare the proteome of a diseased cell or tissue with the proteome of the same cell or tissue in a normal (non-diseased) state. This is commonly done by two-dimensional gel electrophoresis and mass spectrometry. Such an approach generally leads to an (extensive) list of proteins that are up-or down-regulated or modified in various ways. To subsequently find the proteins that are actually relevant for disease is a difficult and laborious task. Phage display, first described by George Smith (2) in 1985, is a powerful technique based on the display of proteins or peptides on the surface of phage particles that carry the corresponding gene. In proteomics, phage display offers an elegant approach in the search for disease markers. Subtractive antibody selections have been successfully performed on whole cells (3) (4) (5) (6) (7) (8) (9) (10) , tissue sections (11) , biomaterials ex vivo (12) , and cell extracts (13) (14) (15) (16) (17) (18) (19) . A major advantage of subtractive phage display technology is the simultaneous generation of recombinant monoclonal antibodies recognizing potential disease markers. Such antigen-antibody pairs could be directly applicable in therapeutics or diagnostics.
Here we present a novel subtractive antibody phage display method that enables the identification of proteome-specific, intracellular epitopes. As schematically represented in Fig. 1 , the selection method comprises two steps. In the first step, phages are selected in solution on the proteome of interest with prior subtraction on a comparable "normal" proteome ( Fig. 1, a and b) . Biotinylation of the proteomes allows their immobilization on magnetic streptavidin-coated beads. In the second phase, specific phages from the phage pool, which is enriched for phages to proteome-specific epitopes in the first step, are further selected on a two-dimensional Western blot of the proteome of interest (Fig. 1c) . After identification of proteome-specific phages, their targets are immunoaffinitypurified using these recombinant antibodies and identified by means of mass spectrometry. The use of immune libraries (for example libraries from autoimmune patients) will enhance the chances of discovering disease-related epitopes because these libraries will contain high affinity antibodies against disease markers. In systemic autoimmune diseases, it still remains poorly understood why patients produce antibodies to self-antigens. One (more and more supported) theory points at the involvement of aberrant protein modifications, for example those occurring during apoptosis. Such modifi-FIG. 1. Schematic representation of the selection strategy. The selection strategy is a combination of several subtractive selection rounds on proteomes in solution followed by an enrichment step on immunoblot. Phages are selected on biotinylated proteomes with subsequent capture by magnetic streptavidin-coated beads. Phages recognizing common epitopes are first removed by a subtractive selection on the comparable normal proteome (a), and subsequently remaining phages are selected on epitopes that are specifically present in the proteome of interest (b). These selection rounds are repeated several times. Subsequently Western blots containing both proteomes are incubated with the selected phage pool enriched for antibodies to proteome-specific epitopes (c). Spots are excised from the membrane, and bound phages are eluted and used to infect bacterial cultures to isolate monoclonal phages. Finally these phages are screened for recognition of proteome-specific epitopes.
cations are believed to reveal "cryptic" epitopes on autoantigens and as such play a role in breaking tolerance to selfantigens (20 -22) . In the current study, the subtractive phage display selection method was applied, using autoimmune patient antibody libraries, to identify apoptosis-specific epitopes relevant for systemic autoimmune diseases. Three epitopes were identified that are exclusively present in the apoptotic cell extract. One of these epitopes is associated with the U1-70K 1 protein, which is cleaved during apoptosis and which is an important marker for systemic lupus erythematosus (SLE) overlap disease. Finally we demonstrate that the recognition of this epitope by the selected antibody was dependent on the apoptotic modification.
EXPERIMENTAL PROCEDURES

Phage Display Libraries and Patient Sera
Patients were classified in accordance with standard criteria for each autoimmune disease. Autoimmune patient libraries of SLE (patients D5, D18, D181, O11, and Z5), systemic sclerosis (SSc) (patients B92, H248, J70, S185, and T5), and rheumatoid arthritis (RA) (patients Du, He, and Wy) patients were available in pHenIX-VSV vector format (23) (24) (25) . The synthetic library made by Nissim et al. (26) was used for test selections. To reduce the background of phages that do not express a functional antibody-gene III fusion protein and to reduce the number of selection rounds needed, a trypsin-sensitive helper phage (27) was used for phage amplification. Serum samples were provided by patients seen at the Department of Rheumatology and Internal Medicine of the Radboud University Nijmegen Medical Centre (Nijmegen, The Netherlands).
Cell Lines, Induction of Cell Death, and Preparation of Cell Extracts
Jurkat (human T cell leukemia) suspension cells were grown in RPMI 1640 medium (Invitrogen) supplemented with 1 mM sodium pyruvate, 1 mM penicillin, 1 mM streptomycin, and 10% heat-inactivated FCS (Invitrogen) in a humidified 37°C incubator containing 5% CO 2 . Jurkat cells were maintained at a concentration of 1 ϫ 10 6 cells/ml. HeLa cells were either purchased from Computer Cell Culture Centre (Mons, Belgium), or HeLa suspension cells were grown in suspension culture minimal essential medium with Joklik modification (Oxoid) supplemented with non-essential amino acids (Invitrogen), 5% newborn serum (NBS, Invitrogen), 2 mM L-glutamine (Invitrogen), 1 mM penicillin, and 1 mM streptomycin. Apoptosis was induced in Jurkat and HeLa cells by addition of 10 g/ml anisomycin. Eight hours after induction, cells were harvested by centrifugation at 800 ϫ g for 5 min and washed with PBS. Non-apoptotic HeLa cytoplasmic extract was prepared as described previously (28) . Cell extracts were prepared by three different methods: (i) cells were resuspended in PBS and lysed by freezing-thawing, (ii) cells were resuspended in lysis buffer (50 mM Tris-HCl, pH 7.6, 100 mM KCl, 0.05% Nonidet-P40, 1 mM EDTA, and 1 mM dithioerythritol (DTE)) and lysed by sonication, or (iii) cells were resuspended in Nonidet P-40 lysis buffer (25 mM TrisHCl, pH 7.6, 100 mM KCl, 1% Nonidet P-40, 10 mM MgCl 2 , and 0.25 mM DTE) and lysed on ice for 30 min. Cell lysates were prepared at a concentration of 0.5-1 ϫ 10 8 cells/ml on ice in the presence of protease inhibitors (Complete TM protease inhibitor mixture (Roche Applied Science)). After cell lysis, extracts were centrifuged at 12,000 ϫ g at 4°C for 30 min, and clear lysates were stored at Ϫ70°C. Three milligrams of cell extract (soluble proteins) were biotinylated with 150 g of succinimidyl-6-(biotinamido) hexanoate (Pierce) in 50 mM NaHCO 3 , pH 8.3, and dialyzed against 0.5 mM DTE and 20% glycerol in PBS. The protein concentration of the biotinylated cell extract was measured using a bicinchoninic acid (BCA) protein assay (Pierce) with BSA as a standard, and the amount of magnetic streptavidin beads (DYNAL Biotech) needed to completely capture a given amount of biotinylated cell extract was established empirically.
Protein Electrophoresis and Immunoblotting
Proteins were separated by one-or two-dimensional electrophoresis. For isoelectric focusing immobilized pH gradient strips were used (Amersham Biosciences). Proteins were stained with colloidal Coomassie (Serva) or by silver staining. Alternatively proteins were transferred to a nitrocellulose (Schleicher & Schuell) or PVDF (Millipore) membrane by electroblotting. For immunoblotting, all incubation steps were carried out at room temperature on a shaking table. Blocking solutions consisted of PBS, 0.05% Tween 20, and either 5% nonfat dried milk powder or 1% gelatin. Gelatin was only applied when phages were used for detection. scFv fragments were isolated from Escherichia coli periplasm (29) and used at a 5-100-fold dilution. Bound scFv fragments were detected using a mouse anti-VSV-G monoclonal antibody in combination with horseradish peroxidase (HRP)-labeled rabbit anti-mouse antibodies followed by ECL. Phages were incubated with the membrane at a concentration of 10 11 cfu/ml. After extensive washing, bound phages were detected with HRPconjugated anti-M13 mouse monoclonal antibody (Amersham Biosciences) followed by 3,3Ј,5,5Ј-tetramethylbenzidine (TMB, Neogen) staining (30) or ECL.
Phage Selection
Test Selections on Biotinylated HeLa Cytoplasmic Cell Extract-To test whether selection against biotinylated cell extract was promising, anti-La and anti-Ro52 phages, previously selected from human autoimmune patient derived libraries (24) , 2 were diluted in a semisynthetic (Nissim) phagemid library at two different ratios, namely a 1:10 6 ratio and a 1:10 9 ratio. For a 1:10 6 ratio 10 7 anti-La and 10 7 anti-Ro52 phages were simultaneously mixed with 10 13 phages of the semisynthetic library, and for a 1:10 9 ratio 10 4 anti-La and 10 4 anti-Ro52 were simultaneously mixed with 10 13 phages of the semisynthetic library. All panning steps were performed using an end-over-end rotator at room temperature. First the phages were incubated with 1 mg of magnetic streptavidin beads, which were preblocked in PBS containing 5% nonfat dried milk powder and 1% BSA, for 1 h. Beads were magnetically separated from the solution and discarded, whereas the solution containing the remaining phages was transferred to a clean tube. Subsequently phages were incubated with 1.5 g of biotinylated normal HeLa cytoplasmic cell extract for 1 h, 1 mg of preblocked magnetic streptavidin beads were added, and the mixture was rotated for 15 min. Beads were magnetically harvested from the solution 1 The abbreviations used are: U1-70K, 70-kDa protein component of the U1 snRNP complex; DTE, dithioerythritol; hnRNP C, heterogeneous ribonucleoprotein C; HRP, horseradish peroxidase; mAb, monoclonal antibody; NBS, newborn serum; p54 nrb , nuclear RNAand DNA-binding protein of 54 kDa; PSF, polypyrimidine tract-binding protein-associated splicing factor; RA, rheumatoid arthritis; scFv, single chain Fv; SLE, systemic lupus erythematosus; snRNP, small nuclear ribonucleoprotein; SSc, systemic sclerosis; TEA, triethylamine; TMB, 3,3Ј,5,5Ј-tetramethylbenzidine; VSV-G, vesicular stomatitis virus glycoprotein; cfu, colony-forming units; snRNA, small nuclear RNA. and washed several times with PBS containing 0.05% Tween 20 (PBST) and twice with PBS. Bound phages were eluted by incubating the washed beads in 1 ml of trypsin (10 g/liter in PBS, pH 7.4, and prewarmed at 37°C) for 30 min at room temperature. Beads were harvested and discarded, whereas the solution containing the eluted phages was transferred to a clean tube and incubated with 1 ml of NBS for 5 min to inhibit trypsin activity. Phages were amplified using trypsin-sensitive helper phage and purified from the medium by polyethylene glycol precipitation as described previously (31) . Polyclonal Phage ELISA-Polyclonal phage pools of each round were screened in ELISA for reactivity with La and Ro52 and against BSA as a control. Antigens were coated on 96-well Maxisorb microtiter plates (Nunc) at a concentration of 0.1 g/well in 100 l of 50 mM NaHCO 3 , pH 9.3, overnight at 4°C. Plates were blocked with 400 l of 5% nonfat dried milk powder in PBS (MPBS) containing 0.05% Tween 20 (MPBST) per well at room temperature for 2 h. Phages were diluted in MPBST at a concentration of 10 11 cfu/ml, and 100 l were incubated at room temperature for 1 h. The plates were washed eight times with PBST, and subsequently HRP-conjugated anti-M13 mAb (Amersham Biosciences) was added at a 5,000-fold dilution in MPBST and incubated at room temperature for 1 h. Plates were washed eight times with PBST and twice with PBS. Bound HRPconjugated antibodies were detected by TMB conversion. Reactions were stopped with 1 M H 2 SO 4 , and the absorbance at 450 nm was measured.
Subtractive Selection against Biotinylated Apoptotic Cell ExtractLibraries of RA, SLE, and SSc patients were mixed equally and used for selection. All panning steps were performed using an end-overend rotator at room temperature. First the phages were incubated with 1 mg of magnetic streptavidin beads, which were preblocked with 5% nonfat dried milk powder and 1% BSA in PBS, for 1 h. Beads were magnetically separated from the solution and discarded, whereas the solution containing the remaining phages was transferred to a clean tube. To subtract phages recognizing normal cell extract components, phages were incubated with 1.5 g of biotinylated non-apoptotic HeLa cytoplasmic cell extract for 1 h, 1 mg of preblocked magnetic streptavidin beads were added, and the mixture was rotated for 15 min. Beads were harvested and discarded, and the remaining phage solution was transferred to a clean tube. This subtraction step was repeated with another 1.5 g of biotinylated nonapoptotic HeLa cytoplasmic cell extract and 1 mg of preblocked beads. Remaining phages were again transferred to a clean tube. Subsequently phages specifically recognizing apoptotic cell extract components were selected by panning against 1.5 g of biotinylated apoptotic HeLa cell extract for 1 h. One milligram of preblocked magnetic streptavidin beads was added, and the mixture was rotated for 15 min. Beads were harvested and washed several times with PBST and twice with PBS, and bound phages were eluted by incubating the beads in 1 ml of trypsin (10 mg/ml in PBS, pH 7.4) for 30 min. Beads were discarded, and eluted phages were incubated with 1 ml of NBS and immediately used to infect exponentially growing E. coli TG1. Phages were then amplified and purified as described above.
Selection of Enriched Phage Populations on Two-dimensional Western Blots-After three subtractive selection rounds on biotinylated apoptotic cell extract as described above, polyclonal phage pools of each round were analyzed on Western blots of two-dimensional gels containing apoptotic and non-apoptotic cell extracts as described above. The phage stock from the third round showed the highest signals and most differences between apoptotic and nonapoptotic extracts. To specifically select phages recognizing a protein spot that was differentially recognized in apoptotic versus non-apoptotic cell extracts, Western blot membranes of two-dimensional gels were incubated with the phage stock from the third selection round as described above. Directly after visualization of bound phages, the membrane was covered with PBS, and membrane spots of interest were accurately excised using a clean razor blade for each spot. TMB staining resulted in a blue precipitate on the membrane, allowing highly accurate excision of spots. For ECL detection, the film was placed on a light box and overlaid exactly with the membrane. Bound phages were eluted from the excised spots by incubating the blot piece in 100 mM triethylamine (TEA), transferred to a clean tube, and neutralized with 1 M Tris-HCl, pH 7.4. The eluted phages were subsequently treated with trypsin, as described above, to reduce background. Finally phages were used to infect exponentially growing E. coli TG1 and plated on square (12 ϫ 12-cm) 2ϫ tryptone/yeast extract agar plates containing 100 g/ml ampicillin and 2% glucose.
Screening of Single Colonies
Single colonies were analyzed for VSV-G expression by a dot blot assay and for full-length DNA by PCR using primers LMB3 (CAG-GAAACAGCTATGACCATG) and FdSeq1 (GTAACGATCTAAAGTTTT-GTCG). Full-length clones with good expression levels were fingerprinted with the restriction enzyme BstNI. From all unique fingerprint clones with good expression, phages were produced in 2-ml-deepwell microtiter plates. Undiluted culture supernatants containing phage were screened on Western blots of SDS-PAGE gels containing non-apoptotic and apoptotic cell extracts. Phages were detected with HRP-labeled anti-M13 mAb as described above. Several phages recognized proteins that were differentially present between nonapoptotic and apoptotic cell extracts. Three clones were chosen for further analysis, and their cDNAs were sequenced as described previously (32) .
Immunoaffinity Purification and Identification of Target Antigens
scFv fragments were C-terminally tagged with a His 6 tag by cloning the cDNA in a pUC119 vector (31) via compatible NcoI and NotI digestion. Recombinant scFv antibody fragments were isolated from 80 ml of E. coli periplasm as described previously (29) and dialyzed against p-IPP500 (50 mM phosphate buffer, pH 8.0, 500 mM NaCl). All steps were performed at 4°C using an end-over-end rotator. The scFv solution was incubated with 50 l of nickel-nitrilotriacetic acidagarose beads (50% slurry, Qiagen) for 2 h. Subsequently beads were washed three times with 15 ml of p-IPP500 and three times with 15 ml of p-IPP150 (50 mM phosphate buffer, pH 8.0, 150 mM NaCl). Beads were incubated with cell extract of 5 ϫ 10 7 cells, prepared by sonication, at a concentration of 5 ϫ 10 7 cells/ml for 2 h. Beads were washed three times with p-IPP150. To remove nonspecifically bound proteins, beads were incubated with 10 ml of 5 mM imidazole for 10 min, and the supernatant was discarded. Beads were transferred to a clean tube and incubated with 30 l of 100 mM TEA for 10 min. The supernatant was transferred to a clean tube, and elution was repeated with 30 l of 100 mM TEA. The supernatant was pooled with the first supernatant and neutralized with 20 l of 1 M Tris-HCl, pH 7.4. The proteins were concentrated by acetone precipitation and separated on a polyacrylamide gel. The gel was stained with colloidal Coomassie (Serva). Protein bands were cut out and digested in-gel with trypsin. Peptides were then eluted from the gel slice and subjected to MALDI-TOF mass spectrometric analysis.
Immunofluorescence
HeLa cells were grown directly on glass slides. Cells were fixed using methanol/acetone or p-formaldehyde (33) . scFv fragments were purified and concentrated from periplasmic fractions using the His 6 tag as described previously (24) and incubated with the cells. Bound scFv fragments were detected via their VSV-G tag using anti-VSV-G mouse monoclonal antibody (500-fold diluted in PBS) followed by FITC-labeled rabbit anti-mouse antibody (Dako; 50-fold diluted in PBS). Finally cells were embedded in Mowiol and analyzed using a fluorescence microscope.
U1 snRNP Immunoprecipitation
All incubations were performed in t-IPP150 (10 mM Tris-HCl, pH 8.0, 150 mM NaCl, 0.1% Nonidet P-40) at 4°C using an end-over-end rotator. Between incubations, beads were washed three times with t-IPP150. Protein A-agarose beads (20 l of 50% slurry, Kem-En-Tec) were precoated with 12.5 l of rabbit anti-mouse IgG (Dako) for 2 h and subsequently coated with 50 l of mouse anti-VSV-G mAb for 2 h. Then beads were incubated with 5 ml of concentrated solution of VSV-G-tagged recombinant scFv antibody fragments isolated from E. coli periplasm as described above. Finally beads were incubated with 60 l of 1 ϫ 10 8 cells/ml Jurkat apoptotic or non-apoptotic cell extract prepared by lysis in Nonidet P-40 lysis buffer as described above for 2 h. Mouse mAb 2.73 directed against U1-70K protein was used as a positive control. Anti-BSA scFv, previously selected from an SLE patient library, 2 was used as a negative control. Finally beads were resuspended in 100 l of t-IPP150 containing 0.5% SDS, and co-immunoprecipitated RNA was isolated by addition of TRIzol reagent (Invitrogen) according to the manufacturer's protocol. Isolated RNA was subsequently size-fractionated on 6% polyacrylamide, 8 M urea gels and transferred to a nylon membrane (Hybond TM -N, Amersham Biosciences) by Northern blotting. Finally U1 RNA was detected using a 32 P-labeled U1 RNA-specific antisense probe and analyzed by autoradiography. The signals were quantified using a ScanMaker 8700 (Microtek). The U1 snRNA was isolated from the apoptotic and non-apoptotic Jurkat cells as well and size-fractionated on the same gel (10% of the input material).
RESULTS
Test Selections on Biotinylated Cytoplasmic
HeLa Cell Extracts-Successful selections against complex mixtures of antigens, such as a cellular extracts, depend on many factors (34) , including the amount and concentration of antigen and the affinity of the antibody fragments. Selection conditions were tested by means of mock selections. A semisynthetic antibody phage library was simultaneously spiked with phages displaying monoclonal antibody fragments recognizing the autoantigens La and Ro52 previously selected from SLE-derived libraries (24) 2 at various ratios. The 1:10 9 ratio approximated the complexity of the libraries used in subsequent experiments. After selection on biotinylated cytoplasmic HeLa cell extract, the polyclonal phage pools were tested in ELISA for reactivity against La and Ro52 and against BSA as a control antigen. As shown in Fig. 2 , at a 1:10 6 ratio anti-La phages were detectably enriched after just one selection round, whereas at a 1:10 9 ratio anti-La phages were detected after two rounds of panning. At a 1:10 6 ratio the polyclonal phage stock showed slight reactivity with Ro52, whereas at a 1:10 9 ratio no reactivity against Ro52 was observed after two selection rounds. After three selection rounds, 96 monoclonal phages were analyzed for reactivity in ELISA, and 27% of the phages reacted with La, whereas 10% were positive for Ro52. It has been estimated that, in HeLa cells, the number of Ro52 molecules is about 100-fold smaller than the number of La molecules (35) ; this might explain why the anti-La phages were more easily isolated than the anti-Ro52 phages. These results demonstrate that it is possible to select phage antibodies from libraries derived from autoimmune patients using only small amounts of biotinylated cell extract.
Subtractive Selection of Recombinant Antibodies against Apoptosis-specific Epitopes-To induce apoptosis, HeLa and Jurkat cells were incubated with anisomycin for 8 h. As a biochemical marker for apoptosis the cleavage of the U1-70K protein to a 40-kDa apoptosis-specific fragment, an early event during apoptosis (36), was monitored. Eight hours after induction with anisomycin, the apoptotic 40-kDa fragment was detected by immunoblotting, whereas the full-length 70-kDa protein was reduced to undetectable levels (data not shown), indicating that the cells had entered the apoptotic pathway.
Libraries of RA, SSc, and SLE patients (23) (24) (25) were mixed using equal amounts of phages from each library, and phages
FIG. 2. Test selections of polyclonal phages using biotinylated cytoplasmic HeLa cell extract.
In the test selections, anti-La and anti-Ro52 phages were simultaneously added to a semisynthetic library at a 1:10 9 ratio (a) and at a 1:10 6 ratio (b), selected on 1.5 g of biotinylated cytoplasmic HeLa cell extract, and captured using magnetic streptavidin-coated beads. The phage populations resulting from the selection rounds were tested for binding to La and Ro52. BSA was used as a negative control. Selection rounds are numbered (0, 1, and 2). Per well 0.1 g of recombinant protein was coated. Polyclonal phage pools were diluted to a concentration of 10 11 cfu/ml and detected using HRP-labeled anti-M13 mAb. The ELISA plates were developed with TMB as a substrate, and after the addition of H 2 SO 4 , the absorption at 450 nm was measured.
were selected for reactivity with apoptosis-specific epitopes by subtractive selection as detailed under "Experimental Procedures." After three selection rounds, phage populations of each selection round were analyzed on small two-dimensional Western blots containing non-apoptotic and apoptotic cell extracts. The polyclonal phage stock obtained after the third selection round showed the strongest reactivity on Western blot and was chosen for further analysis (Fig. 3) . Several of the apoptosis-specific spots were excised, and bound phages were eluted. Both ECL detection and TMB staining were examined as detection methods. Where TMB staining is more accurate (due to a direct precipitate on the membrane), ECL detection resulted in a higher sensitivity. The amount of phages eluted from ECL-detected spots was approximately equal to the amount of phages eluted from TMB-stained spots, and no negative effect on phage infectivity was observed for both staining methods. On average, 100 phages were eluted per spot. Phages were selected based on fulllength cDNA insert and expression of soluble scFv. Fingerprint analysis of phages with full-length cDNA and good scFv expression resulted in the identification of a number of groups, and randomly one clone per group was analyzed for reactivity on immunoblot containing both extracts. All scFv fragments were derived from their original spots.
Immunoblot analysis, as shown in Fig. 4 , demonstrated that scFv fragments B1H11, G1G10, and R3A4 recognized antigens that are modified during apoptosis. scFv B1H11 recognized protein bands of 100, 55, and 45 kDa in non-apoptotic cell extract and two additional protein bands of 50 and 42 kDa in apoptotic cell extract. Another additional protein band, which ran slightly faster than the 100-kDa protein band, was relatively weakly recognized. scFv G1G10 reacted with a protein of ϳ38 kDa that migrated at a slightly lower molecular mass in apoptotic cell extract compared with non-apoptotic cell extract. scFv R3A4 recognized a protein band of ϳ70 kDa in non-apoptotic cell extract and a protein band of about 40 kDa in apoptotic cell extract.
Identification of Target Antigens-The recombinant antibodies, isolated during the selection procedure, can serve as tools to identify and characterize the corresponding target antigens. scFv fragments were C-terminally tagged with a His 6 tag and immobilized on nickel beads, and target proteins were then isolated from cell extracts and separated on SDS-PAGE gels. As shown in Fig. 4g , scFv B1H11 efficiently immunoprecipitated proteins with molecular weights corresponding to those detected by immunoblotting, whereas immunoaffinity purification of the target recognized by scFv G1G10 appeared to be less efficient. These protein bands were excised from the gel, and the proteins in the gel slices were identified by mass spectrometry. An overview of the selected targets and their characteristics are presented in Table I .
The proteins recognized by scFv B1H11 were identified as polypyrimidine tract-binding protein-associated splicing factor (PSF, 100 kDa) and p54 nuclear RNA-and DNA-binding protein (p54 nrb , 54 kDa). The scFv recognizes both PSF and p54 nrb on immunoblot, indicating that the epitope recognized by this scFv is present on both proteins. In agreement with this, the two proteins are ϳ70% identical on the level of amino acids over a region of 328 residues, strongly suggesting that the epitope is located in this region of these molecules. Interestingly it has been reported that PSF is hyperphosphorylated (37) and p54 nrb is cleaved (38) during apoptosis. Cleavage of p54 nrb leads to a size reduction of ϳ4 kDa, which agrees well with the apoptosis-specific protein band of 50 kDa (Fig. 4a) . The 45-kDa protein band in non-apoptotic cell extract is presumably either a splicing variant or degradation product of p54 nrb . Also this variant seems to be cleaved in apoptotic cells FIG. 3 . Selection of isolated phages by two-dimensional Western blotting. Apoptosis was induced in HeLa cells by incubation in the presence of anisomycin for 8 h, and apoptotic cell extract was prepared by repeated freeze-thawing. Approximately 40 g of nonapoptotic cytoplasmic HeLa cell extract (a) and apoptotic HeLa cell extract (b) were separated by two-dimensional electrophoresis. In the first dimension, proteins were separated by isoelectric focusing on immobilized pH gradients with a pH range from 3 to 10, and in the second dimension, proteins were separated by SDS-PAGE on a 12.5% polyacrylamide gel. Molecular masses of marker proteins (kDa) are indicated on the left. After two-dimensional electrophoresis, proteins were transferred to a nitrocellulose membrane, and the membrane was blocked with MPBST. Prior to the immunoblot analysis, phages were selected during three consecutive subtractive selection rounds on biotinylated apoptotic cell extract. Phages were incubated with the preblocked membrane at a concentration of 5 ϫ 10 11 cfu/ml and detected with HRP-labeled anti-M13 mAb and ECL. Between antibody incubations, the membrane was washed extensively with MPBST to reduce background on the film. A similar (TMBstained) membrane was used for excision of apoptosis-specific spots.
leading to the appearance of the 42-kDa species, which is also recognized by scFv B1H11. In agreement with the nuclear localization of PSF and p54 nrb , immunofluorescence analysis of scFv B1H11 demonstrated a nucleoplasmic staining (Fig. 4e) .
The protein recognized by scFv G1G10 was identified by mass spectrometric analysis as heterogeneous nuclear ribonucleoprotein C (hnRNP C). As a result of alternative splicing, two variants of hnRNP C can be detected in most cells, designated C1 and C2, that differ ϳ3 kDa in size (39) . The identity of the G1G10 target protein was confirmed by the reactivity of scFv G1G10 with hnRNP C immunoprecipitated from Jurkat cells using an anti-hnRNP C-specific patient serum (40) . During apoptosis, hnRNP C1 and C2 are known to be cleaved, resulting in a size reduction of ϳ2 kDa (41), which is consistent with the finding that the protein recognized by scFv G1G10 in apoptotic cell extract migrated slightly faster in SDS-PAGE than the antigen present in non-apoptotic cell extract (Fig. 4b) . scFv G1G10 resulted in a nucleoplasmic staining (Fig. 4f ) consistent with the localization of hnRNP C (41) .
Immunoblot analysis showed that scFv R3A4 recognized a protein band of 70 kDa in non-apoptotic cell extract and a 40-kDa protein band in apoptotic cell extract (Fig. 4c ) that is reminiscent of the U1-70K protein and its apoptotic cleavage product (36) . The U1-70K protein is a well known autoantigen in SLE overlap syndrome, and recognition of the cleavage product by autoantisera (21) suggested that scFv R3A4, which was isolated from a patient-derived antibody library, might be targeting the U1-70K protein. A number of experiments demonstrated that this indeed was the case. First, the scFv R3A4 reacted with recombinant U1-70K (a truncation mutant consisting of the first 195 amino acids of U1-70K) in ELISA (data not shown). Second, immunofluorescence analysis, as shown in Fig. 4g , revealed that the cellular localization of the target antigen was nucleoplasmic (speckled pattern), corresponding to the localization of the U1-70K protein. Finally the sequence of scFv R3A4 cDNA appeared to be almost identical to the V H and V L sequences of scFv fragments were detected by anti-VSV-G mAb and FITC-labeled rabbit antimouse antibodies. scFv fragments B1H11 (e), G1G10 (f), and R3A4 (g) all give a nucleoplasmic staining. d, immunoaffinity purification. scFv fragments G1G10 (lane 1) and B1H11 (lane 2), recloned in a pUC119 vector for C-terminal fusion with a His 6 tag, were isolated from E. coli periplasm. scFv fragments were coupled to nickel-nitrilotriacetic acidagarose beads and incubated with non-apoptotic total cell extracts, and bound antigens were eluted by a pH shock. The proteins were concentrated by acetone precipitation, separated on a small 12.5% polyacrylamide gel, and visualized by silver staining. Molecular masses of marker proteins (kDa) are indicated on the left. The strong protein bands with an approximate molecular mass of 30 kDa are the scFv fragments. A similar gel stained with colloidal Coomassie was used to excise and identify the protein bands of interest. Arrows indicate the excised protein bands.
FIG. 4.
Characterization of the reactivities of the selected monoclonal recombinant antibodies. a-c, immunoblotting. Apoptosis was induced in Jurkat cells by incubation with anisomycin for 8 h. Cell extracts were prepared by sonication. Approximately 10 g of apoptotic (a) and non-apoptotic (n) Jurkat cell extract was separated by SDS-PAGE on a 12.5% polyacrylamide gel and electroblotted onto nitrocellulose membranes. Molecular masses of marker proteins (kDa) are indicated on the left. scFv fragments were isolated from the periplasm. scFv fragments B1H11 and R3A4 were incubated with the membrane at a 10-fold dilution, and scFv G1G10 was incubated with the membrane at a 20-fold dilution. scFv B1H11 (a) recognizes protein bands of 100, 55, and 45 kDa in non-apoptotic cell extract and additional strong protein bands of 50 and 42 kDa in apoptotic cell extract. Another additional protein band, running slightly faster than the 100-kDa band, is recognized relatively more weakly. scFv G1G10 (b) reacts with a protein band of ϳ38 kDa in non-apoptotic cell extract and with a protein band of ϳ37 kDa in apoptotic cell extract. scFv R3A4 (c) recognizes a protein band of 70 kDa in non-apoptotic cell extract and a 40-kDa protein band in apoptotic cell extract. Note that the reactivity with the apoptotic form of this protein is stronger than the reactivity with the non-apoptotic form. e-g, immunofluorescence. HeLa monolayer cells were fixed and incubated with purified scFv fragments. Bound scFv fragments directed to the U1-70K protein that were previously selected from SLE libraries in our laboratory (42) .
Identification of an Apoptosis-dependent Epitope on the U1-70K Protein-Interestingly scFv R3A4 appeared to react more strongly with apoptotic than with non-apoptotic U1-70K on immunoblots (Fig. 4c) . Similar observations were previously reported by Degen et al. (42) for other anti-U1-70K scFv fragments. We hypothesized that the efficiency by which the epitope is recognized by these scFv fragments is dependent on the apoptotic modification. To study the in vitro reactivity of anti-U1-70K antibodies with apoptotic and non-apoptotic U1-70K, anti-U1-70K antibodies (i.e. scFv R3A4, three scFv fragments previously selected from SLE libraries and designated scFv-4, -6, and -7 (42) and mouse monoclonal antibody 2.73 (43)) were used to immunoprecipitate U1 snRNP particles from apoptotic and non-apoptotic cell extracts. The U1 snRNP complex consists of the U1 snRNA molecule, three U1-specific proteins (U1A, U1C, and U1-70K), and a ring of seven distinct Sm proteins. The 40-kDa apoptotic fragment of the U1-70K protein remains associated with the U1 snRNP complex (44) . The amount of immunoprecipitated U1 snRNP particles was measured by quantification of the amount of co-precipitated U1 snRNA on Northern blots. An anti-BSA scFv selected from an SLE-derived library that lacks reactivity with any of the U1 snRNP components served as a negative control. The results in Fig. 5 show that in an immunoprecipitation assay scFv fragments R3A4, scFv-4, and scFv-6 react much more strongly with apoptotic U1-70K than with non- Several monoclonal antibodies to U1-70K were used to immunoprecipitate U1 snRNP complexes from apoptotic (a) and nonapoptotic (n) Jurkat cell extract. Apoptosis was induced by incubating the Jurkat cells with anisomycin for 8 h. Cell extracts were prepared by lysis in Nonidet P-40 lysis buffer for 30 min at 0°C. U1 snRNP was immunoprecipitated from these extracts by anti-U1-70K scFv fragments R3A4, scFv-4, scFv-6, and scFv-7; an anti-BSA scFv; and an anti-U1-70K mouse monoclonal antibody (mAb 2.73). Co-immunoprecipitated RNA was analyzed by Northern blot hybridization with a 32 P-labeled U1 snRNA-specific antisense probe. As a control RNA was also isolated directly from cell extracts. The signals on the Northern blots were quantified, and the percentage of precipitated U1 snRNA was determined. apoptotic U1-70K, strongly suggesting that the epitope recognized by these scFv fragments is specifically present on the apoptotic fragment. scFv-7 displayed similar reactivities to the apoptotic and non-apoptotic U1-70K proteins. Mouse monoclonal antibody 2.73 reacted much more strongly with non-apoptotic U1-70K than with apoptotic U1-70K, consistent with its preferential recognition of the full-length U1-70K in immunoblotting (21) . DISCUSSION Here we describe a novel antibody phage display method to identify proteome-specific epitopes that are relevant for disease. Recombinant autoantibodies from patient libraries were selected on apoptotic cell extract, after subtraction on non-apoptotic cell extract, to identify disease-related targets that are specifically present in the apoptotic material. All target antigens isolated as a result of this selection strategy are proteins that are modified during apoptosis. Moreover two of the three targets are well documented autoantigens with the U1-70K protein being an important marker for SLE overlap disease. hnRNP C is autoantigenic as well, although autoantibodies to this protein have been reported in a few patients only (40, 41) . So far, PSF and p54 nrb have not been described as autoantigens, but one of the patients from the libraries was found to possess (low titers of) antibodies to recombinant p54 nrb by immunoblotting. The autoantigenic U1-70K protein is of particular interest because it was recently demonstrated that this protein contains an apoptosis-specific B cell epitope, which is believed to be involved in breaking immunological tolerance to the U1-70K protein (20, 21, 45) . We demonstrated that the anti-U1-70K scFv R3A4 reacts in vitro with an apoptosis-specific epitope on U1-70K as well. The recognition of intact U1-70K on immunoblots is believed to result from unfolding of the protein due to the electrophoresis procedure. Using large naïve libraries, the selection strategy presented here is generally applicable for the discovery of proteome-specific epitopes, as for example proteins that are exclusively present on tumor cells, or proteins that are specifically expressed during different life stages of the malaria parasite, although the selection might be more difficult when using libraries with higher complexities. The technique is especially suitable for the discovery of markers that are related to diseases in which the immune system is involved, such as autoimmune diseases. Because libraries of such patients contain high affinity antibodies, the use of these libraries will be biased toward the selection of (the most important) diseaserelated epitopes.
So far, selections on complex mixtures of intracellular antigens have been performed mainly using immobilization on immunotubes (13, 15) or blotting membranes (16, 18, 19) . The advantage of biotinylation (in combination with magnetic streptavidin-coated beads) is that panning on antigens can be performed in solution, resulting in an optimal accessibility of the epitopes for the phages (46) . The test selections, performed with anti-Ro52-and anti-La-spiked libraries, demonstrated that phages from autoimmune libraries can be selected using small amounts of biotinylated cell extracts, which would allow simultaneous competition with a large excess of the non-biotinylated normal proteome. It is possible that epitopes are changed due to the attachment of biotin groups to the protein, but this potential problem was minimized by choosing a relatively low biotin:protein ratio. Another advantage of our approach is the combinatorial approach of selection in solution and selection on two-dimensional Western blots, which decreases the amount of individual monoclonal phages to be analyzed. To our knowledge, we are the first to report such a combinatorial approach.
In the current study, phages were selected on proteins in solution during three subtractive selection rounds prior to selection on immunoblots. It is generally accepted that in such procedures diversity decreases with the progression of the selection procedure. If a higher diversity is preferred, one might continue with the phages that are selected during the first or second selection rounds. On the other hand, a less diverse phage population (such as obtained after three or more selection rounds) might give a better representation of the important targets in the antigen mixtures. Moreover after the first and second selection rounds, the concentrations of individual phages might be too low for detection of the antigens on two-dimensional immunoblots, the second selection step in the procedure described here.
Individual phages, selected on two-dimensional immunoblots, were screened on one-dimensional immunoblots to validate their reactivities. We then focused on three targets that were differentially detected in apoptotic cell extracts compared with non-apoptotic cell extracts. Obviously an automated high throughput screening system would greatly facilitate the simultaneous isolation of more possible targets. In addition by screening on immunoblots of SDS-PAGE gels, the screening was now restricted to differences between proteomes with regard to molecular weight. Combining this screening with other assays, such as immunoblots of onedimensional isoelectric focusing gels, a capture ELISA, or a filter lift assay (47) , would also augment the number of possible disease markers.
In general, the affinity of scFv fragments for antigen binding is lower compared with complete immunoglobulins, and immunoaffinity purification may therefore be less efficient. So far, a few studies have successfully used scFv fragments to isolate the unknown target antigen and to determine its identity by mass spectrometry (5, 6) . We demonstrate that scFv fragments, isolated during the subtractive selection strategy presented here, can be applied successfully to immunoaffinity purify target proteins for identification by mass spectrometry. A critical parameter is the amount of cell extract needed. However, the development of more sensitive mass spectrometry equipment will allow the identification of target proteins with smaller amounts of protein and thus with less cell extract.
